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TECHNICAL Nom D-139 

AN EXPLORATORY INVESTIGATION I N  A BALLISTIC 

RANGE OF TIIE STABILITY DERIVATIVES O F  A 

SIMPLE: AIRPLANE CONFIGURATION AT 

LOW SUPERSONIC SPEEDS 

By Charles E.  DeRose and Alfred G. Boissevain 

SUMMARY 

An exploratory investigation of the problems of obtaining s t a b i l i t y  
der ivat ives  of a i rplanel ike models i n  a b a l l i s t i c  range was conducted. 
A simple body-wing-tail configuration having two planes of mirror symmetry 
was tes ted  a t  Mach numbers of 1 . 2  t o  1 .4  and Reynolds numbers (based on 
wing chord) of 0.8 t o  1.0x106. 
could be extracted only from those runs i n  which the ro l l ing  r a t e  was 
negligibly small or  zero; s t a b i l i t y  derivatives from these runs compared 
f a i r l y  well with exis t ing theory. 

Results showed t h a t  s t a b i l i t y  der ivat ives  

INTRODUCTION 

The value of the b a l l i s t i c  range type of  t e s t  f a c i l i t y  f o r  the  
determimtion of  t h e  s t a b i l i t y  derivatives of ax ia l ly  symmetric shapes 
has been demonstrated repeatedly. The chief advantage of  Ynis t j p  of 
f a c i l i t y  i s  t h a t  t e s t s  can be performed on small-scale res t ra in t - f ree  
models a t  high Mach numbers. 
unsymmetrical shapes as vehicles f o r  very high speed f l i g h t  i n  the atmos- 
phere, a program has been established at the Ames Research Center t o  
invest igate  the  problems and l imitat ions of determining the s t a b i l i t y  
derivatives of a i rplanel ike (i .e., nonaxially symmetric) configurations 
in  a b a l l i s t i c  range. 
Research and Development Establishment on a se r i e s  of f la t -p la te  wings 
of t r iangular  plan form i s  reported i n  reference 1. 

Because of the  increasing in te res t  i n  

A similar study made at  the Canadian Armament 

This report  presents the resul ts  of t e s t s  obtained on a simple body- 
wing-tail configmation during m emly phase of t h i s  investigation. 
The t e s t s  were performed i n  the Ames supersonic f ree- f l igh t  underground 
range. 
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SYMBOLS 

A 
2 
3 .  
9 

b wing span, ft  

CnP 

dL/SS lift curve slope, - 
aa 

aM/qSc 
ha 

pitching-moment curve slope , 

side-force curve slope, - a v q s  
dP 

yawing-moment curve slope, w s s b  
as 

C wing chord, f t  

In, IYY, Izz moments of i ne r t i a  about the principal axes of model, 
slug-ft2 

L l i f t  force, lb 

M Mach number; also pitching moment about center of grzvity 
of model, f t - lb  

m 

n 

mass of model, slugs 

yawing moment about center of gravity of model, f t - l b  

P angular velocity z,l;out model X iixis, radia.ns/sec a 
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9 dynamic pressure, lb/ft2;  a lso angular ve loc i ty  about model Y 
axis, raiiians/sec 

R Reynolds rmber based on w i n g  chord and free-stream conditions 

r angular velo’city about model Z axis, radians/sec 

S wing area, exposed surface, f t2  

t t i m e ,  see 

v 
X,Y,Z p r inc ipa l  axes, model fixed 

x,Y,’z ea r th  f ixed axes - a l s o  displacements along these axes 

Y side force, l b  

ve loc i ty  of model with respect t o  air, f t / sec  

CL angle of attack, radians i n  equations, degrees i n  f igures  

P 

cp angle of roll, radians 

e 

If 

angle of s ides l ip ,  radians i n  equations, degrees i n  f igures  

p i t ch  angle between model axis and horizontal  (E) plane, radians 

yaw angle between v e r t i c a l  plane containing the  model ax i s  and 
the  v e r t i c a l  (E) plane, radians 

Sub scr ip t  s 

0 a t  t i m e  0 

t at t i m e  t 

Superscript s 

first  der ivat ive with respect t o  time 

second der ivat ive with respect t o  time .. 
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FACILITY AND MODELS 
I 

Tests were conducted i n  the  Ames supersonic f ree- f l igh t  underground 
range in  which a 3-inch smooth bore, powder-driven gun was used t o  launch 
the  models in to  f r ee  f l i g h t  a t  transonic speeds. The models, of t he  con- 
f igurat ion shown i n  f igure  1, then flew along an instrumented course. 
Figure 2 shows representat ive shadowgraphs of t he  models i n  f l i g h t .  The 
range, located within a concrete s h e l l  7 feet square, has a test  sect ion 
length of 67 f e e t  with seven observation s ta t ions .  
orthogonal shadowgraph pictures ,  as i s  indicated i n  f igure 3. The l i g h t  
screen shown i n  t h i s  f igure  i s  p a r t  of a photoelectr ic  t r igger ing  device 
t o  actuate the  sparks. 
the  determination of the  model's s p a t i a l  and angular or ientat ion.  The 
projection of the angle of p i t ch  w a s  measured on the  s ide  f i l m  r e l a t i v e  
t o  a ve r t i ca l  plumb-bob wire, and the  v e r t i c a l  displacement w a s  measured 
p a r a l l e l  t o  t h a t  w i r e .  
tube end i n  each s t a t ion  was used t o  es tab l i sh  a height reference.  
angle of yaw and sideways displacement were measured i n  a s imilar  manner 
on the  bottom film with a t a u t  w i r e  s t re tched the  length of t h e  range as 
a reference. The in te rva ls  of time between the  f i r i n g s  of the  spark un i t s  
at adjacent s ta t ions  were recorded on commercial 1.6 megacycle counters. 

Each s t a t ion  takes two 

Reference marks are recorded on the  f i l m  t o  permit 

A multilegged mercury manometer with a v i s i b l e  
The 

The models were made from aluminum and brass  i n  four sections.  The 
body was machined from aluminum with a brass nose sect ion pressed on t o  
move the center o f  g rav i ty  forward. The t a i l  section was  machined from 
a so l id  block o f  aluminum and pressed in to  a s l o t  cut i n to  the  body. 
S t ee l  pins were used t o  secure the  wings and t a i l  sect ions t o  the  body. 
Table I l i s t s  the  mass charac te r i s t ics  of the  three  models used f o r  the  
data  i n  t h i s  report .  

The sabot used f o r  launching t h i s  model consisted of a steel-faced 
hollow p la s t i c  cup with a set of four foamed-plastic f ingers  f o r  model 
alinement. 
i s  shown in  f igure 4. 
f i n a l  shape on being loaded in to  the gun. - 

A photograph showing the  model and a p a r t i a l l y  assembled sabot 
The a l in ing  f ingers  were crushed down t o  s i z e  and 

ACCURACY 

The determination of accuracy of measurement of t h e  s t a b i l i t y  deriv- 
a t ives  was an objective o f  t h i s  invest igat ion and could not be predicted 
beforehand. 
mining s t a b i l i t y  der ivat ives  o f  a model with l i n e a r  var ia t ion  of aerody- 
namic charac te r i s t ics  experiencing a planar o sc i l l a t ion .  In  t h i s  f a c i l i t y ,  
the  posit ion of the model i n  space r e l a t i v e  t o  range axes w a s  determined 
t o  within 0.003 inch and the  angular or ien ta t ion  w a s  measured t o  0.05'. 
Time is  accurate t o  .20.6 microsecond. 
the  percent accuracy of s t a b i l i t y  coef f ic ien ts  i s  as follows: 

However, an estimate can be made of t he  accuracy of deter- 

". With t h i s  precis ion of measurement, 
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The uncertainty of model dimensions i s  extremely small and is  believed 
t o  have a negligible e f fec t  on the data. 

ANALYSIS 

The basic data  from the free-f l ight  t e s t s  consist  of time h i s to r i e s  
of the angular orientat ion and displacement of the  model's axes with 
respect t o  fixed ear th  axes. The angles and displacements are  defined 
i n  f igure 5(a).  $, is  
measured d i r e c t l y  from the film. The angle recorded on the side-station 
f i l m  i s  the angle between the X axis and the  projection of the model's 
X axis on the  E plane. For values of  $ encountered, the measured 
angle and the  angle 8 are  effectively equal. Figure ?(b) shows the 
relat ionship between the veloci ty  vector and the model axes. The f igure 
shows a three-dimensional representation -- of the s ignif icant  vectors and, 
i n  the inser t ,  a projection on the YZ plane. A t  any given s t a t ion  the  
angle of attack, a, and of  s ides l ip  P ,  can be determined using the 
relat ionships  defined i n  f igure 5 (b I .  

It should be noted that only the angle of yaw 
- 

The complete d i f f e r e n t i a l  equations of motion f o r  a body ro l l i ng  at 
a constant r a t e  have been developed by a number of authors (e.g., r e f .  2 )  
and can be expressed i n  the form shown below. 
t o  the  pr incipal  axes of the model and are  based on the assumptions of 
l i n e a r  coeff ic ients  with no aerodynamic cross-coupling, controls fixed, 
and four degrees of freedom (constant r o l l  r a t e  and zero change i n  forward 
ve loc i ty) .  

These equations a re  referred 

Z + A &  .t Ba+ Cb + DP = 0 (3) 

(4) 
.. 
p + &'i + FP + GdL + Ha = 0 
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where the  coeff ic ients  a r e  defined as follows: 

Ixx-Izz c = -P ( -1) 

The coefficients C, D, G, and H and a p a r t  of t he  coeff ic ients  B and F 
a re  functions of t he  r o l l  rate and a re  the terms which change the  a and p 
excursions f romthe  form of a damped sine wave t o  a more complicated form. 
It w a s  f e l t  t h a t  i f  a damped sine wave could be f i t t e d  t o  t h e  data  f o r  
a and p, t he  effects  of r o l l i n g  veloci ty  could be considered negligible; 
conversely, i f  the form of the da ta  were i n  a more complicated curve, 
then the effects  of ro l l i ng  ve loc i ty  would be s ign i f i can t .  
shows the var ia t ion of a and p with time f o r  a run i n  which the rol l ing-  
ve loc i ty  e f f ec t s  were not important and f igure 6(b) shows da ta  from a run 
i n  which roll ing-velocity e f f e c t s  w e r e  important. Although seven s t a t ions  
were available, not all operated during a given run, and both runs shown 
have one s t a t ion  missing. 

Figure 6(a)  

For the runs i n  which roll ing-velocity e f f e c t s  were s ignif icant ,  the 
coupled equations (3) and (4 )  apply. An analog computer was  u t i l i z e d  i n  - 
an e f f o r t  t o  determine the values of t he  s i x  coeff ic ients  and i n i t i a l  
conditions t h a t  define the  motion. Note t h a t  with the  r o l l  r a t e  known 
from measurements, t he  coeff ic ients  C and G a re  known. 
diagram of t he  computer arrangement i s  shown i n  f igure 7. The coeff ic ients  
of the equations and the i n i t i a l  values of t he  angles and angular r a t e s  

A simplified * 
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appear as potentiometer set t ings.  The equation would be considered solved 
i f  the t ra jec tory  printed by the computer matched the observed t r a j ec to ry  
i n  the range. 

For runs i n  which the roll ra te ,  p, w a s  zero or could be neglected, 
the two d i f f e r e n t i a l  equations of motion are  independent and are  subject 
t o  ana ly t ica l  solution. Equations (3 )  and (4) become, with p = 0: 

+ A& + BU = 0 ( 5 )  

( 6 )  ti' + Ep + FP = 0 

the solutions of which are: 

A%+2&, 

2% 
a = e  (,,,, w l t  + ( 7 )  

where 

and where A, B, E, and F a re  the  coefficients defined previously w i t h  
p s e t  equal t o  zero. Note tha t  these solutions apply only when w1 
and w, are  r ea l .  The values of the coeff ic ients  a re  adjusted t o  provide 
a best  f i t  t o  the  observed variation of the angular displacement using a 
least-squares procedure. An inspection of the def in i t ion  of the coeffi- 
c ien ts  B and F shows t h a t  the s t a b i l i t y  der ivat ives  
uniquely defined by an evaluation of B and F. 
term i n  both of these expressions i s ,  f o r  most cases, extremely small 
r e l a t ive  t o  the f irst ,  and can safely be Ignore6. 
the  damping derivatives (Cmq + CG) and (Cnr - Cn.) from the coeff ic ients  
A and E i s  dependent on the p r io r  evaluation of 
method outlined below. 

(3% and Cn 
Fortunately, the  second 

are  not P 

The determination of 

and C y  by the P 

Force measurements are  obtained by re la t ing  the displacement of the 
model's center of gravi ty  t o  the model's angular displacement. 
tudinal  d i f f e ren t i a l  equation o f  displacement can be writ ten 

The longi- 

.. 
c h q s  = -mz (9) 

i f  it i s  assxned CL i s  0 fo r  a = 0. The expression f o r  a from equa- 
t i o n  (7) may be substi tuted into equatior, ( 9 )  which i s  then integrated 
twice with respect t o  time as indicated i n  equation (10). 
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The double in tegra l  on the r igh t  side of equation (10) can be evaluated 
since both the integrand and the limits are  known. 

In a s i m i l a r  manner CyP i s  obtained f r o m t h e  recorded var ia t ion  
of l a t e r a l  displacement, Y. 

RESULTS AND DISCUSSION 

This investigation w a s  primarily directed a t  determining whether 
s t a b i l i t y  derivatives could be successfully obtained from airplane models 
i n  b a l l i s t i c  range t e s t s .  Therefore, i n  t h i s  section the  degree of success 
obtained and the l imi ta t ions  and problems encountered i n  determining the 
derivatives from the basic t e s t  data w i l l  be discussed. 
s t a b i l i t y  data  obtained w i l l  be presented and compared with theory. Two 
classes of f l i g h t  t r a j ec to r i e s  w i l l  be considered; those f o r  which the 
e f f ec t s  of ro l l ing  veloci ty  a re  negligible and those f o r  which the  e f f ec t s  
a re  significant.  

In addition, 

Rolling Velocity Effects Negligible 

With the s t r ingent  requirement of negligible r o l l  e f fec ts ,  three 
runs, numbers 8, 13, and 16, were found t o  have suf f ic ien t  pitching o r  
yawing amplitude t o  permit an analysis.  
h i s tory  records of these runs. 
and Cm 
respectively, and are  compared t o  theore t ica l  r e s u l t s  computed by the 
method of reference 3. As  can be seen, the experimental data  i n  the 
l a t e r a l  plane (Cy and Cn ) are  i n  f a i r l y  good agreement with the theo- 
r e t i c a l  values. Figure 10 shows t h a t  with the  exception of the s t a b i l i t y  
derivative f o r  run 8 the longitudinal charac te r i s t ics  a re  i n  f a i r l y  
good agreement with the theory of reference 3. The f a i l u r e  of the  method 
of reference 3 t o  predict  f o r  run 8 r e s u l t s  from the  f ac t  t h a t  t h i s  
method does not account f o r  the e f f ec t  of s ides l ip  on the aerodynamic 
interference on the t a i l  surfaces due t o  the wing flow f i e l d .  Estimates 
of t h i s  effect  have been made f o r  run 8 and the  addition of t h i s  correction 
brings the theore t ica l  estimate in to  b e t t e r  agreement with the experimental 
value. The e f f ec t  of s ides l ip  on C h  for the  run i s  small and i s  not 
indicated on the p lo t .  

Figure 8 shows the basic time- 
The values of CyB and Cnp, and C k  

obtained fromthese runs a re  plot ted i n  f igures  9 and 10, 

P P 

C,, 

C% 
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Figure 11 shows the  values of t he  damping der ivat ives  ( C  + CG) 
and (Cnr - Cn*) obtained from the  experimental da ta  compared with theo- 
r e t i c a l  r e s u l t s  based on the  methods of reference 4.  The results from 
run 8 show good agreement'with theory, while runs 15 and 16 show about 
twice as much damping. It should be noted t h a t  t he  definition of the  
l a t t e r  two osc i l l a t ions  i s  not as good as it i s  i n  the  case o f  run 8. 
An inspection of t he  p l o t s  of t he  angular t ime-histories of these runs 
( f i g .  8) shows t h a t  a small s h i f t  i n  the loca t ion  of t h e  
corresponding t o  a small t r i m  angle, would ser iously a f f e c t  the r a t i o  of 
peak amplitudes. 
be obtained by the  use of a longer instrumented range with more s t a t ions .  

"4. 
P 

t axis, 

Increased confidence i n  the  dynamic der ivat ives  would 

Rolling Velocity Effects Signif icant  

The method of data  analysis  u t i l i z ing  t h e  analog computer failed t o  
y ie ld  sa t i s f ac to ry  r e su l t s .  Although considerable time w a s  spent adjust- 
ing the  potentiometer se t t ings ,  it was not possible  t o  obtain a satis- 
fac tory  f i t  t o  the  observed t ra jectory.  Figure l2 represents t he  bes t  
f i t  obtained from a l l  runs attempted. 
good, t he  potentiometer se t t ings ,  when t r ans l a t ed  in to  aerodynamic 
coeff ic ients ,  were not consistent with e i t h e r  t heo re t i ca l  values or with 
experimental da t a  from nonrolling f l i gh t s .  If potentiometer se t t ings ,  
calculated from estimated aerodynamic coef f ic ien ts ,  were used, the  f i t  
seemed t o  be poorer than t h a t  of f igure 12. 

Although t h i s  f i t  looks fa i r l j r  

Wom t h i s  experience, it was  concluded t h a t  the  analog computer could 
not be used t o  compute aerodynamic coeff ic ients  from ro l l i ng  f l i g h t s  of 
t h i s  length.  The reason f o r  t h i s  f a i lu re  i s  not completely known but  
various theor ies  can be advanced. F i r s t ,  because every quantity i n  the  
analog network i s  changed by the  adjustment of a s ingle  potentiometer, 
it i s  seen t h a t  t he  procedure i s  extremely sens i t ive  t o  each individual 
p a r t .  Therefore, i f  all potentiorxters are not correct  a t  one time, t he  
t r a j ec to ry  w i l l  be hopelessly incorrect.  Thus, any method of "hoiiihg in" 
on the  correct  s e t t i ngs  would be extremely tedious i f  not impossible. 
Secondly, t he  f l i g h t  t r a j e c t o r i e s  from t h i s  invest igat ion were r e l a t i v e l y  
shor t .  
unacceptable if addi t ional  range data w e r e  avai lable .  For example, at  
the  end of t he  known t r a j ec to ry  i n  f igure 12, t he  analog t r ace  f o r  a i s  
beginning t o  diverge from the  faired data .  It i s  probable t h a t  a poor 
f i t  t o  a longer t ra jec tory ,  yet  one t h a t  agreed generally with the  da t a  
over many cycles, would provide a be t t e r  de f in i t i on  of the  unknowns i n  
the  equations of motion than an exact f i t  t o  a shorter  run containing only 
a cycle o r  so. 

A f a i r l y  good match t o  a t ra jec tory  of t h i s  length might be t o t a l l y  
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CONCLUDING RENARKS 

A 
2 
3 "  
9 
. 

Tests were conducted on an airplanelike model i n  a seven s ta t ion  
b a l l i s t i c  range. 
of data from model f l i gh t s  during which the e f fec ts  of ro l l ing  velocity 
were negligible was straightforward and yielded s t a t i c - s t ab i l i t y  deriva- 
t ives  tha t  compared f a i r l y  well with theoret ical  values. The agreement 
of  dynamic derivatives with theory would have been improved i f  a longer 
instrumented range with more s ta t ions had been used. 
analysis of the t ra jec tor ies  of model f l i gh t s  i n  which rolling-velocity 
effects  were significant f a i l ed  t o  yield usable resu l t s .  

On the basis of these t e s t s  it w a s  found that  reduction 

An analog computer 
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A-22494 

A-20400 Figure 2.- Shadowgraphs of models i n  f l i g h t .  



Vertical spark source 

Light screen 
/ 

/' 
/ 

/ 
/Reference wire 

Horizontal 
spark source 

Figure 3.- Sketch of underground range s t a t i o n .  
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A-23039 

Figure 4.- Photograph of model and sabot. 
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(a) Side-force curve slope vs. Mach number. 
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(b )  Yawing-moment curve slope vs . Mach number. 

Figure 9.- Lateral s t a t i c  derivatives.  
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(a) Lift curve slope vs. Mach number. 
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Figure 11.- Damping derivatives. 
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Figure 12.- Analog match t o  r o i l i n g  f l i g h t ,  
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NASA - Langley Field, Va. A-239 


